To investigate the relationships among the three main groups of extant neopterygian fishes-Amiidae, Lepisosteidae, and Teleostei-we sequenced fragments of three mitochondrial genes from 12 different actinopterygian fishes and translated the nucleotide sequences into amino acid sequences. When all three regions are considered together, Amiidae clusters with Lepisosteidae in the most parsimonious cladograms, but other clades, such as Neopterygii and Teleostei, that are well supported by morphological evidence fail to emerge as monophyletic. When the cytochrome b sequences are analyzed together with previously published sequences for other taxa, the majority-rule consensus tree is consistent with the monophyly of Teleostei and Neopterygii and marginally supports the Amiidae+Lepisosteidae clade. In either analysis, when Neopterygii and Teleostei are constrained to monophyly, all the most-parsimonious cladograms support the Amiidae+Lepisosteidae topology. Where molecules and morphology disagree, provisional morphology-based constraints on the analysis of molecular data offer a practical means of integrating the two types of data.
Introduction
The teleost fishes (Teleostei) are the largest group of vertebrates, having far more species (>22,000) than any othei vertebrate group (MacAllister 1987) . The Teleostei has been shown by morphological systematists to be monophyletic (Patterson 1973 (Patterson , 1977 Patterson and Rosen 1977; Rosen 1982; Lauder and Liem 1983) , as has the Neopterygii, which includes the extant taxa Teleostei, Amiidae (Amiu calva; the bowfin), and Lepisosteidae (the gars) (Patterson 1973; Patterson and Rosen 1977; Lauder and Liem 1983; Olsen 1984 ; but see Jessen 1973) . Less clear are the relationships among these three extant neopterygian taxa, all three possible arrangements having been suggested.
Traditionally, Lepisosieidae and Amia were placed together in the Holostei (Goodrich 1909; Romer 1966) . The monophyly of the Holostei was defended by Nelson ( 1969) ) who used evidence from gill arches, and by Jessen ( 1973) , who relied on the shoulder girdle and pectoral fins. Most workers, however, follow Patterson ( 1973) and consider Holostei to be paraphyletic and Amiu to be the sister taxon to the teleosts (e.g., see Wiley 1976; Bartram 1977; Lauder and Liem 1983; Schaeffer and Patterson 1984) . More recently, Olsen ( 1984) has argued for the third possibility-i.e., that Lepisosteidae is the sister group to Teleostei. Olsen and McCune (accepted) , who include in their analysis fossil neopterygians not considered by Patterson ( 1973 ) , find two most parsimonious trees; in one of them, lepisosteids are the closest living relatives of Teleostei, and, in the other, lepisosteids and Amia are each other's closest living relatives.
At stake in this controversy are ( 1) an accurate understanding of character evolution in extant and fossil neopterygians and (2) the choice of an appropriate outgroup for phylogenetic analysis of the teleosts. Spurred by the difficulty of interpreting the morphological data, we have sequenced fragments of three mitochondrial genes from Amia, gars, teleosts, and two separate outgroups-Chondrostei and Polypterus. We obtained a total of 989 bp from the genes cytochrome b (cyt b) , cytochrome oxidase I (CO1 ) , and cytochrome oxidase II (CO11 ) , three relatively conservative mitochondrial genes (Jacobs et al. 1988) . We have also included previously published sequences for a third outgroup, the Sarcopterygii, which includes tetrapods. Mitochondtial DNA (mtDNA) has ordinarily been used for much-finer-scale phylogenetic analysis, but conservative mitochondrial genes should retain information about more ancient events (Miyamoto and Boyle 1989; Meyer and Wilson 1990; Irwin et al. 1991) , particularly in the amino acid sequence.
Some branches of the most-parsimonious cladograms we generate are at odds with generally accepted results of morphological systematics. We discuss how explicit morphology-based constraints on analyses of molecular data can be used to integrate the two types of data.
Material and Methods

Taxa
We obtained DNA from fresh specimens of several actinopterygian fishes. For the neopterygian ingroup we used the following taxa: Atractosteus spatula (alligator gar; Lepisosteidae; specimen deposited in Cornell University Ichthyological Collection, catalog number CU 72303), Lepisosteus oculatus (spotted gar; Lepisosteidae; CU 72302 and CU 72304), Amia calva (bowfin; Amiidae), Pantodon buchholzi (freshwater buttertlyfish; Pantodontidae), Megalops atlanticus (tarpon; Elopidae), Salmo trutta (trout; Salmonidae), Pomoxis nigromaculatus (crappie; Centrarchidae), Gomphosis varius (bird wrasse; Labridae), and Geophagus steindachneri (Cichlidae). For the immediate outgroup Chondrostei we used Polyodon spatula (paddlefish; Polyodontidae; CU 72306 ) and Scaphirhynchus platorynchus (sturgeon; Acipenseridae; CU 72307), and as a second outgroup we included Polypterus sp. (bichir; Polypteridae; CU 72305 ). Lepisosteus oculatus is represented by two individuals; each other taxon is represented by a single individual. To represent a third outgroup, Sarcopterygii, we included in our analysis published sequences from four tetrapods: Xenopus Zaevis (Roe et al. 1985) , Homo sapiens (Anderson et al. 1981) , Mus musculus (Bibb et al. 198 1) ) and Bos taurus (Anderson et al. 1982) ) as they appear in GenBank (Devereux et al. 1984) .
For a portion of the analysis in which we focus on cyt b, we were able to take advantage of the greater availability of published data for that region. We included published sequences from the following taxa: Corcorax melanorhamphos (white-winged though, chosen arbitrarily from among available bird sequences; Kocher et al. 1989 ), Lepidosiren paradoxa (South American lungftsh; Meyer and Wilson 1990) ) Latimeria chalumnae (coelacanth; Meyer and Wilson 1990) , Acipenser transmontanus (white sturgeon; Acipenseridae; Brown et al. 1989) , Julidochromis regani (Cichlidae; Kocher et al. 1989) , Cichlasoma citrinellum (Cichlidae; Meyer and Wilson 1990) , and Cichlasoma nicaraguense (Cichlidae; Kocher et al. 1989) . We also obtained DNA from Protopterus sp. (African lungfish), from which we sequenced only the cyt b fragment.
DNA Extractions
As a template for polymerase-chain-reaction (PCR) amplification, we used either total DNA or purified mtDNA. DNAs of Amia, Salmo, and Pomoxis were donated by E. Bermingham (Berm&ham and Avise 1986) , who also provided the cyt b sequence data for Salmo. For the rest of the taxa, DNA was extracted from fresh liver and heart according to the protocols of Harrison et al. ( 1987) , except that for total DNA both the diethylpyrocarbonate and the incubation at 70°C were omitted. S. Bogdanowicz provided DNAs of Gomphosus and Megalops, and P. Wimberger provided the Geophagus DNA, extracted according to the same protocols. We extracted Protopterus total DNA from frozen liver donated by M. Chow.
DNA Amplification and Sequencing
We amplified three regions of the mtDNA molecule by PCR (Saiki et al. 1988; Innis et al. 1990 ). We used a Perkin Elmer-Cetus thermal cycler and the following cycle profile: 1 min at 94°C 2 min at 47°C and 2 min at 72°C for 25-30 cycles. To obtain single-stranded DNA for sequencing, we used either asymmetric PCR (Gyllensten and Erlich 1988 ) or, more usually, lambda-exonuclease digestion (Higuchi and Ochman 1989) . We sequenced the single-stranded DNA by dideoxy chain termination (Sanger et al. 1977 )) using 35S (Biggin et al. 1983 ) and the Sequenase version 2.0 DNA sequencing kit (United States Biochemical Corporation).
Primers
Primer designations follow the style of Kocher et al. ( 1989 ) : "L" and "I-I" denote the light and heavy strands, respectively, and the number refers to position of the 3' end in relation to the published human mitochondrial sequence (Anderson et al. 1981) .
Cytochrome b
In the cyt b region we used the primers L1484 1 ( 5'-AAAAAGCTTCCATCCAA-CATCTCAGCATGATGAAA-3 ') and H 15 149 ( 5 '-AAACTGCAGCCCCTCAG-AATGATATTTGTCCTCA-3 ') from Kocher et al. ( 1989) .
Cytochrome oxidase I
In the CO1 region we used the following four degenerate primers: L5950 (5'-ACAATCACAAAGAYATYGG-3 '), L6586 ( 5'-CCTGCAGGAGGAGGAGAYCC-3')) H7086 ( 5'-CCTGAGAATARKGGGAATCAGTG-3 ') , and H7 176 ( 5'-AGAAA- Xenopus (Roe et al. 1985 ) , and Drosophila (Clary and Wolstenholme 1985 ) , as entered in GenBank (Devereux et al. 1984) . Primers L6586 and H7086 are essentially the COIf and COIe primers from the laboratory of S. Palumbi (University of Hawaii), except that H7086 is a slight modification of COIe. We used various combinations of these four primers in PCR; for sequencing we used L6586 and H7086 as internal primers.
Cytochrome oxidase II
For the CO11 region we used one primer in the serine tRNA gene, L7450 (5'-AAAGGAAGGAATCGAACCCCC-3 '), and one within COIL H8055 (5'-GCTCAT-GAGTGGAGGACGTCTT-3 ' ) . These we also designed using the published tetrapod and Drosophila sequences.
Data Analysis
We used Genetics Computer Group software (Devereux et al. 1984) for entering and compiling sequence data. Prior to the analysis, we translated the nucleotide sequences into amino acid sequences and treated each amino acid position as a character. We also ran the same analyses by using the first two nucleotide positions of each codon.
For the 17 taxa from which we had data from at least two regions, we analyzed all the regions together in tandem alignment (coding as missing the CO11 sites of Pantodon, Pomoxis, and Salmo) by using the branch-and-bound option of PAUP 3.0 (Swofford 1990) ) and we repeated the analysis by using the topological constraint option to constrain Neopterygii and Teleostei to monophyly. This algorithm is guaranteed to find all the most-parsimonious trees. (The two individuals of Lepisosteus oculutus are treated as two separate "taxa.") We also made a separate analysis of 25 taxa for the cyt b region alone, by using a heuristic search with the settings listed in the caption to figure 3 and by subsequently using the "filter trees" option to constrain Neopterygii to monophyly. This algorithm is not guaranteed to find all the shortest trees. When there was more than one most-parsimonious tree, we examined both strict and 50%-majority-rule consensus trees. We also used the constraint option to force alternative arrangements of Lepisosteidae, Amiu, and Teleostei, noting the minimum tree lengths for each of the three topologies.
Results
Amino acid translations of the nucleotide sequences are shown in the appendix. The nucleotide sequences have been submitted to GenBank under the accession numbers M64885-M6492 1. There were no insertions or deletions within the protein coding genes analyzed, but there are several regions where we have failed to collect data, including the CO11 region of Pantodon, Pomoxis, and Salmo and much of the CO1 region of Sulmo and the CO11 region of Polypterus. Most of these omissions are due to difficulties in sequencing; all amplifications were successful, except that for the Pantodon CO11 fragment. We did not attempt to collect data for the CO1 and CO11 regions of Protopterus.
Three Regions for 17 Taxa
We present results obtained using the amino acid translations. Results using first and second nucleotide positions were different in detail (the trees were slightly more Mitochondrial DNA Phylogeny of Fishes 823 When Teleostei and Neopterygii are forced to be monophyletic, the length of the shortest trees increases from 248 to 252 steps. A strict consensus of the six shortest constrained trees is shown in figure 2. Amiu and Lepisosteidae remain sister taxa in the constrained trees. Geophagus, which had been basal in the unconstrained trees, joins the other percomorphs. If Amia is forced to be the sister taxon of the teleosts, the length increases to 253, a cost of just one step; if a Lepisosteidae+Teleostei clade is forced, the length is 254, a cost of two steps.
Of the 72 informative amino acid positions on which these trees are based, 15 are from COI, 25 are from COII, and 32 are from cyt b. Of these, a total of 21 are informative within the Neopterygii-six in COI, five in COII, and 10 in cyt b. Table  1 compares the proportions of variable and informative amino acid positions in the three gene regions. The teleosts Pantodon, Pomoxis, and Salmo were omitted from these comparisons because no data were available from them for the CO11 region. Most of the sites that were counted in the table as variable but not informative showed an autapomorphy in a single taxon. Note that among the seven neopterygians >90% 
Cytochrome b for 25 Taxa
The heuristic search found 5,360 most-parsimonious trees for 25 taxa by using the cyt b fragment, a data set that includes 35 informative amino acid sites, 13 of which are informative within Neopterygii. Figure 3 shows a 50%-majority-rule consensus of these trees, compared with a standard morphological cladogram. (In the strict consensus, the relationships among the 15 neopterygians are wholly unresolved, except that Lepisosteidae is supported.) The majority-rule consensus is largely consistent with the conventional tree based on morphological data (Lauder and Liem 1983; Stiassny and Jensen 1987 ) . Teleostei is monophyletic, as are morphologically defined groups nesting within it: Cichlidae (Geophagus, Julidochromis, and Cichlasoma), Labroidei (cichlids and Gomphosus) , and Percomorpha ( labroids and Pornoxis) . Aside from the internal structure of Cichlidae, the only irregularity in the teleost phylogeny is that the expected positions of Salmo and Megalops have been reversed (Lauder and Liem 1983) . Other features of the majority-rule consensus that differ from Lauder and Liem's tree are the sister-group relationship between Latimeria and Chondrostei and the paraphyly of Acipenseridae (Scaphirhynchus and Acipenser) with respect to Polyodon. Amia is the sister taxon of Lepisosteidae, but the resolution of this branch is poor, since only 62% of the 5,360 trees support the Amia+Lepisosteidae topology.
Among the 5,360 most-parsimonious trees found by PAUP, there are 1,518 in which Neopterygii is monophyletic. The clade Amia+Lepisosteidae appears in all 1,5 18 of these trees. The shortest trees are 153 steps long; both of the other possible resolutions of the trichotomy ( Amia+teleosts and Lepisosteidae+teleosts) occur in trees of length 154, just one step longer. residues occurred at a given position in the different taxa, since such positions would not be very informative. In this data set, however, typically only a few different amino acids appear at a given variable position, so this problem does not arise.
The biggest problem with applying this data set to the question of neopterygian relationships is that, at the protein level, these genes evolve too slowly (see table 1 ). This may seem paradoxical to those impressed with mtDNA's reputation for rapid evolution. In the entire stretch of 330 codons considered, only 2 1 showed informative replacements among the 10 neopterygians. If we were to collect more mtDNA data to address this problem, we would choose genes with higher replacement rates, such as those coding for the subunits of NADH dehydrogenase (Jacobs et al. 1988 ).
Meyer and Wilson's Study
Not all molecular systematists have shrunk from applying mtDNA data to highlevel systematic problems. Irwin et al. ( 199 1) used complete cyt b sequences to make some inferences about inter-familial relationships of artiodactyls. At an even higher taxonomic level, Meyer and Wilson ( 1990) used fragments of the cyt b and 12s rRNA genes to investigate the relationships between the Tetrapoda, the Dipnoi (lungfishes), and the Actinistia (coelacanth). Meyer and Wilson analyzed sequences from Xenopus, Lepidosiren, Latimeria, and Cichlasoma by using nucleotide positions showing nonsynonymous differences, and they found the topology with the clade Xenopus+Lepidosiren to be 11 and 13 steps shorter than the two alternative topologies. Although the cyt b data set presented here has only a subset of the characters used by Meyer and Wilson, it has many more taxa. In the strict consensus of our most-parsimonious trees, the coelacanth-lungfish-tetrapod trichotomy is unresolved, though the Dipnoi+Tetrapoda clade does appear in 5 1% of the shortest trees. Latimeria appears as the sister taxon to the Chondrostei in all the most-parsimonious trees, an unconventional arrangement that should probably be regarded as an artifact. These problems may result from the limited number of informative characters in this cyt b fragment, though Wheeler (accepted) has argued that the number of taxa sampled per clade is more important for cladogram accuracy than is the number of characters. Meyer and Wilson ( 1990) , using 664 bp from each of four taxa, claim to have resolved, with statistical confidence, the tetrapod-lungfish-coelacanth trichotomy. Our study yields no such confidence, whether we use 989 bp from 17 taxa or 294 bp from 25 taxa (with a small percentage of missing data in either case). We have more basepairs underlying our analysis do than Meyer and Wilson, yet their data apparently yield more robust results. Why is this? One possibility is that the internal branch in the tetrapod-coelacanth-lunglish phylogeny is actually longer (resulting from either a longer period of time between divergences or a higher substitution rate) than the internal branch in the amiid-lepisosteid-teleost phylogeny. Barring this possibility, there are two classes of possible methodological reasons for the difference in results: ( 1) differences in characters and (2) differences in taxa. Meyer and Wilson's data set contains more informative sites bearing on the trichotomy of interest. This may be partly artifactual-if, for instance, the data included correlated changes in Watson-Crick paired sites in 12 S rRNA (Wheeler and Honeycutt 1988)-but it is also partly real. The regions that they sequenced probably have a greater average density of phylogenetic information, since 12 S rRNA nucleotide sequences evolve more rapidly than do CO1 or CO11 amino acid sequences (Jacobs et al. 1988 ). In terms of taxa, our greater sample size per clade of interest presumably increases the accuracy of our cladogram (Wheeler, accepted) , yet it may paradoxically have tended to depress our confidence in it. In part this low confidence stems from the lack of robustness of the Amiidae+Lepisosteidae node itself, which might reflect a high homoplasy level resulting from the large number of taxa (Sander-son and Donoghue 1989) . A more profound reason for our low confidence, however, is the failure of our most-parsimonious cladograms to agree with certain well-founded hypotheses of monophyly (e.g., of Teleostei). This failure is made possible by our wide sampling; with only three available topologies, Meyer and Wilson's four-taxon data set has no such capacity to disappoint.
Topological Constraints
We have used constraints on tree topology as a means of integrating our results with the most robust results of morphological systematics. Explicit morphology-based constraints on analyses of molecular sequence data were used by Smith ( 1989) to assess the phylogenetic usefulness of echinoderm RNA data at various taxonomic levels. Subtler implicit constraints have been used in various attempts to integrate morphological and molecular data bearing on higher-level mammalian systematics (McKenna 1987; Wyss et al. 1987; Goodman et al. 1985) . In parsimony analysis of amino acid data, several mammalian orders have failed to emerge as monophyletic (McKenna 1987; Wyss et al. 1987) , as have the infraclass Eutheria and subclass Theria (Goodman et al. 1985) . Wyss et al. ( 1987) deal with the problem by implicitly constraining the mammalian orders to monophyly, treating each order (except for Lagomorpha) as a single taxon and assigning a character state to each order prior to the parsimony analysis. Virtually every molecular study has at some level implicitly imposed morphology-based assumptions of monophyly; whenever an individual is used to represent a larger group, the monophyly of the larger group must be assumed.
Our results clash with morphology-based conceptions of fish phylogeny. Though morphological evidence is equivocal on some issues, such as the Amiidae-tipisosteidaeTeleostei trichotomy, on others it is fairly clear. The monophyly of Teleostei and Neopterygii are well supported by morphology (Patterson 1973 (Patterson , 1977 Patterson and Rosen 1977; Rosen 1982; Lauder and Liem 1983; Olsen 1984) , and the failure of these groups to appear in our results may suggest to some that our data are not phylogenetically useful at this level. We may, with good reason, be suspicious or dismissive of molecular results that conflict with well-supported hypotheses of monophyly. But if such well-supported hypotheses are available, why not use them to improve the analysis, rather than just using them as grounds for dismissing it? Constraining morphologically well-characterized clades is a simple way of integrating a rich legacy of morphological evidence into less comprehensive molecular studies.
To the extent that the constraints reflect strong morphological support for certain branches, the constrained tree should approximate the tree that would result from combining the morphological and molecular data sets. The primary advantage of constraints, compared with combining data sets, is that they allow one to integrate data from a huge variety of taxa, not just those used in the molecular study. The conclusion that the teleosts are monophyletic is based on evidence from thousands of species, including fossils-it may not consistently emerge from a morphological analysis of just a handful of taxa. Donoghue et al. ( 1989) found that the inclusion or exclusion of data from fossils had major effects on amniote tree topology. Constraints also offer a simple way of integrating morphological evidence from a great variety of different studies, whereas it would be very difficult to compile a very complete table of comparable morphological characters of, for example, cichlids, lung&h, and birds. When the constraints are explicit, and when the same analyses are run with and without constraints, one is able to assess the constraints' effects on tree length and topologyand to reverse them later if they are shown to have been in error.
Conclusions
The Amiidae+Teleostei hypothesis advanced by Patterson ( 1973) has been widely accepted (Lauder and Liem 1983; Nelson 1984) . The molecular evidence presented here suggests that earlier workers [e.g., Goodrich ( 1909) ] and alternative interpretations of morphology ( Nelson 1969; Jessen 1973 ) may have been correct in placing Amiidae with Lepisosteidae. Recent syntheses of morphological data have also supported the Amiidae+Lepisosteidae topology (Olsen and McCune 1991; B. Schaeffer, personal communication) .
Discussing mammal phylogenies based on amino acid sequences, Wyss et al. ( 1987, p. 109) ask "to what degree can these data (and algorithms) reliably identify the more obscure eutherian branching patterns when they fail to identify consistently the constituent orders and fail to reproduce the well-established groups at or above the level of Eutheria?" This question applies as well to the present study of neopterygian fishes. A further reason for circumspection is that the Amiidae+Teleostei tree is only a single step longer than the favored, Lepisosteidae+Amiidae topology. It is clear that the Lepisosteidae+Amiidae hypothesis is the one that best accounts for the present data set, but it is not clear how confident we should be about this result. For definitive solutions to these problems it would clearly be necessary to examine either many more characters or many more taxa.
When Lauder and Liem ( 1983) assign a character such as "mobile premaxilla" to the Teleostei, their assessment is based directly or indirectly on knowledge of thousands of species. No molecular data set yet approaches such a sample size. If Wheeler (accepted) is correct that adding taxa is more profitable than adding characters, it may be a long time before molecular systematists can safely ignore the conclusions of morphologists. 
APPENDIX
Amino Acid Translations of Nucleotide Sequences
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